INTRODUCTION
============

Bacteria build a diverse array of specialized organelles and macromolecular structures that facilitate adaptation to and survival within complex environments. Exotic examples include gas vesicles, which function as cellular swim bladders ([@B31]; [@B43]), and magnetosomes, which orient cells in magnetic fields ([@B8]). Some of these structures are inextricably linked to the basic metabolism of cells, including carboxysomes, whose polyhedral protein shells house carbon fixation machinery ([@B52]; [@B12]), and polyhydroxybutyrate (PHB) granules, which are composed of carbon polymers analogous to fat stores of multicellular organisms ([@B55]). There is increasing evidence that bacteria employ dedicated mechanisms to organize these complex structures within the confines of the cytoplasmic compartment. Spatial organization is likely required for function in certain cases. For example, the membrane-bound magnetic crystals known as magnetosomes form a linear array, like a compass needle ([@B32]). Regular cytosolic organization can also ensure each daughter inherits an equal number of structures upon cell division. Indeed, a functional role in inheritance has been proposed for carboxysomes in rod-shaped cells: when spacing is disrupted, daughter cells tend to inherit unequal numbers of organelles, hampering the fitness of cells receiving too few carboxysomes ([@B51]).

A ubiquitous subcellular structure whose organization and function in bacterial cells remains largely uncharacterized is the inorganic polyphosphate (polyP) granule. Unlike some of the more specialized structures just mentioned, polyP granules are found widely among Gram-positive and Gram-negative bacteria, suggesting that this structure is both evolutionarily ancient and functionally important. Known variously as metachromatic granules, Babes¸--Ernst bodies, or volutin granules, polyP inclusions were the first subcellular entities identified in bacteria ([@B6]). Granules are conserved in eukaryotes as well; in humans, polyP has been recognized as an important regulator of blood homeostasis ([@B38]), neuronal function ([@B26]), and mitochondrial permeability ([@B1]). Although the exact function of polyP in bacteria is still somewhat mysterious, it is known that loss of polyP production compromises cell survival under stress conditions in multiple species and attenuates virulence in pathogens such as *Mycobacterium tuberculosis* and *Pseudomonas aeruginosa* ([@B49]; [@B56]; [@B48]). It has been variously hypothesized that polyP serves as a cache of essential phosphorus, a store of energy, a buffer for cytosolic nucleoside triphosphates, and a signaling molecule promoting proteolysis and adaptation to nutrient stress ([@B25]; [@B62]; [@B35]; [@B33]; [@B40]; [@B10]). Although some species coat polyP with a membrane to produce organelles known as acidocalcisomes ([@B16]), most bacteria have no known proteins or accessory factors associated with polyP; granules are presumed to simply consist of long orthophosphate chains complexed with counterions. Indeed, granules can be easily recapitulated in vitro by mixing polyP and salts ([@B39]). Despite our limited understanding of its physiological roles, its broad conservation across multiple kingdoms confirms that polyP is of fundamental importance to the biology of the cell and deserving of further study.

Like a number of other subcellular structures, polyP is nonrandomly distributed within the cytosol of many bacteria, forming discrete spherical granules, often with a definite and species-specific pattern of organization. *Corynebacterium diphtheriae* has historically been identified by its prominent polar granules ([@B11]). *Helicobacter pylori* localizes large polyP granules in its cytosol and small ones at the base of its flagellum ([@B9]), whereas *Acetonema longum* develops 8--12 dense storage granules, likely polyP, within developing spores ([@B59]). Transmission electron microscopy (TEM) studies of thin sections suggest that polyP may associate with the bacterial nucleoid ([@B64]; [@B30]; [@B57]). Despite these observations across diverse species, nothing is known regarding the mechanism by which these granules become localized within the cell. To develop our understanding of the cellular biology of polyP, we sought to dissect the chain of events that yields properly localized granules. To this end, we used *Caulobacter crescentus*, a robust model organism for the study of bacterial subcellular organization ([@B5]). *C. crescentus* begins life as a motile swarmer cell, which differentiates into a replicative stalked cell and builds a new swarmer cell at the pole opposite the stalk. It is known to produce one or two polyP granules, found within both the stalked and nascent swarmer cell compartments ([@B45]; [@B14]). Our studies provide a step-by-step model for the provisioning of each newborn cell with polyP. We define the positioning of granules throughout the cell cycle, elucidate molecular requirements for localization of the polyP biosynthetic enzyme, polyphosphate kinase 1 (Ppk1), and demonstrate the dependence of polyP localization on the replication state of the chromosome.

RESULTS
=======

*C. crescentus* requires *ppk1* to form polyP granules and survive in stationary phase
--------------------------------------------------------------------------------------

We previously showed by TEM that *C. crescentus* cells accumulate electron-dense granules in a *polyphosphate kinase 1* (*ppk1*)-dependent manner ([@B10]). Here we use 4′,6-diamidino-2-phenylindole (DAPI) staining to identify polyP granules by fluorescence microscopy ([@B4]). Whereas DAPI-stained DNA fluoresces blue, DAPI-stained polyP granules fluoresce green. Bright green DAPI-fluorescent foci are evident in almost all *C. crescentus* cells growing in exponential phase ([Figure 1A](#F1){ref-type="fig"}). Foci are entirely absent in a *∆ppk1*-null strain, providing evidence that the fluorescently labeled structures we observe in the cell are bona fide polyP granules.

![*ppk1* is required for polyP granule production and survival in stationary phase. (A) Representative micrographs showing DAPI-stained log-phase WT *C. crescentus* and *∆ppk1* cells. Scale bars for this and subsequent micrographs, 1 μm. DAPI (polyP) images were taken with the same exposure and equally scaled for comparison. (B) Loss in viability of WT and *∆ppk1* complemented with xylose-inducible *ppk1* (*ppk1++*) or an empty vector (*EV*) in M2X minimal medium after 24-h shaking in stationary phase. CFU/ml for three biological replicates of each strain plated upon entry to stationary phase and after 24-h culture in stationary phase; log change in CFU/ml from the initial plating to the 24-h plating is expressed on the *y*-axis. Dotted line, limit of detection (5 CFU/ml). Error bars, SE of the mean. \**p* \< 0.001, Student\'s *t* test comparing the indicated strain with WT empty vector control (*EV*). Because zero CFU were isolated from *∆ppk1 EV* cultures, error bars represent SE of the initial viability.](3177fig1){#F1}

We next tested whether *ppk1* has a functional role in cell survival under stress conditions, as in other species. After 24 h in stationary phase in minimal defined medium (M2-xylose, 10^8^ colony-forming units \[CFU\]/ml starting culture), no viable CFU can be detected in *∆ppk1* cultures, whereas wild-type (WT) cells survive at a titer of 10^4^ CFU/ml ([Figure 1B](#F1){ref-type="fig"}). Expression of *ppk1* from an inducible promoter complements this defect and even protects WT cells from death in stationary phase. Because *ppk1* and polyP are important for *C. crescentus* stationary-phase physiology, we sought to leverage the strengths of *C. crescentus* as a developmental model organism to study the organization of polyP within bacterial cells.

PolyP granule production is cell cycle regulated, and granules are spatially organized within cells
---------------------------------------------------------------------------------------------------

The majority of newborn swarmer cells in a synchronized population contain a single DAPI-fluorescent granule ([Figure 2A](#F2){ref-type="fig"}). As these cells progress through the cell cycle to the stalked and predivisional stages, a majority of cells develop a second granule. Indeed, when we quantify granules per cell over time, we observe a sharp increase in the proportion of cells with two granules, with a concomitant decrease in cells with a single granule ([Figure 2B](#F2){ref-type="fig"}). Thus the number of polyP granules in a cell is a function of the cell cycle. Furthermore, these granules are nonrandomly distributed within cells. In swarmers, a single granule is positioned near mid-cell relative to the long cell axis. In predivisional cells, one granule resides in the stalked half of the cell and another in the nascent swarmer half ([Figure 2A](#F2){ref-type="fig"}).

![Granule production is cell cycle regulated and spatially organized. (A) Log-phase WT cells were synchronized, and samples were taken every 25 min and stained with DAPI for 25 min. Representative micrographs show cells at *t* = 25, 75, and 125 min postsynchrony, which includes staining time. (B) DAPI-staining foci per cell were manually enumerated from micrographs using ImageJ at each time point for two independent biological replicates. Error bars, SE of the mean. (C) MicrobeTracker was used to quantify the position of each granule within all cells in an image series. Each data point represents the position of a single DAPI-staining granule, plotted as a function of its displacement from the mid-cell along the cell\'s long axis vs. the total cell length. Dashed lines, the maximum position a granule can occupy, that is, the farthest possible distance from the mid-cell before leaving the detected cell boundary. Positive or negative displacements are arbitrary designations, as poles were not differentiated in this experiment. Times postsynchrony are given in minutes. For each frame, *N* = 1000 cells. (D) Representative micrographs of two additional DAPI-stained Alphaproteobacteria, *A. biprosthecum* and *R. capsulatus*.](3177fig2){#F2}

To more fully define the spatial organization of polyP inside cells, we quantified the position of DAPI-fluorescent foci in 1000 synchronized cells at points across the cell cycle. [Figure 2C](#F2){ref-type="fig"} depicts each polyP focus in a scatter plot by its position along the long axis of the cell versus the length of the cell. These data demonstrate that, on average, granules segregate away from the mid-cell at a fixed distance from each pole during cell growth ([Figure 2C](#F2){ref-type="fig"}). In cells with two granules, this pattern can be described as one-fourth and three-fourths, or quarter-cell positioning. Thus both granule number and position are regulated cellular attributes. To assess conservation of polyP spatial organization in bacterial cells, we DAPI stained three related species in the class Alphaproteobacteria. We did not observe DAPI-staining granules in the plant symbiont *Sinorhizobium meliloti* (data not shown). In contrast, both the prosthecate bacterium *Asticcacaulis biprosthecum* and the purple photosynthetic bacterium *Rhodobacter capsulatus* display polyP organization similar to *C. crescentus* ([Figure 2D](#F2){ref-type="fig"}). The related localization pattern observed across species suggests the existence of a conserved polyP-positioning mechanism.

Ppk1 is colocalized with polyP granules in cells
------------------------------------------------

We sought to determine the site of granule biogenesis within cells and envisioned two possible patterns of Ppk1-dependent polyP production. Either 1) nascent granules are synthesized throughout the cytosol and localized postsynthesis or 2) polyP is produced in situ by a localized enzyme. To differentiate these models, we replaced the wild-type *ppk1* with an allele encoding an N-terminally fluorescently tagged derivative, Venus-Ppk1. Venus-Ppk1 forms isolated fluorescent foci at the half and quarter positions within cells, a pattern easily distinguished from the diffuse fluorescence observed upon expression of Venus alone ([Figure 3A](#F3){ref-type="fig"} and Supplemental Figure S1). To rule out Venus-dependent effects on Ppk1 localization, we also expressed mCherry-Ppk1 and confirmed that it too forms fluorescent foci at identical positions in the cell (Supplemental Figure S2). Of note, Venus-Ppk1 (and mCherry-Ppk1) foci colocalize with DAPI-stained polyP granules in most instances, consistent with a model in which granules are produced by local polyP biosynthesis. In cases in which a Venus-Ppk1 focus does not colocalize with a granule, it nevertheless occupies a quarter-cell position.

![Venus-Ppk1 forms clusters, colocalizes with polyP granules, and dynamically localizes over the cell cycle. (A) Representative micrographs of DAPI-stained *C. crescentus* expressing *venus-ppk1* from the native chromosomal locus, as well as DAPI-stained *E. coli ∆ppk1* expressing a plasmid-borne *venus-ppk1(CC)* fusion from an IPTG-inducible promoter (*E. coli ∆ppk1 venus-ppk1++*). In the merged image, Venus is depicted in the red channel, and DAPI (polyP) is depicted in green. (B) Time-lapse merged phase and fluorescence images of unstained *venus-ppk1* growing on nutrient-agar pads. Black arrows, unambiguous Venus-Ppk1 foci, which are depicted in the red channel.](3177fig3){#F3}

Ppk1 forms focal clusters in a heterologous host
------------------------------------------------

To test the molecular requirements of Ppk1 localization, we assayed whether Ppk1 intrinsically forms focal clusters and localizes within cells, or whether clustering and localization require a *C. crescentus*--specific host factor. We expressed *C. crescentus venus-ppk1* (*venus-ppk1(CC)*) in a heterologous host: an *Escherichia coli* K12 strain in which the native copy of *ppk1* was deleted (*E. coli* Δ*ppk1*). Venus alone does not form fluorescent foci in *E. coli* Δ*ppk1* (Supplemental Figure S2). We observe fluorescent foci, one per cell, in *E. coli* expressing *C. crescentus venus-ppk1(CC)* ([Figure 3A](#F3){ref-type="fig"}). Ppk1(CC) does not, however, exhibit the predictable mid/quarter-position localization in *E. coli* that we observe in *C. crescentus*. We conclude that *C. crescentus* Ppk1 focal clustering is an inherent attribute of the enzyme but that the mechanism ensuring regular positioning of Ppk1 at the mid-cell early in the cell cycle and quarter positions late in the cell cycle is specific to *C. crescentus*. Wild-type *E. coli* does not typically produce discretely localized polyP granules, and, intriguingly, the *E. coli* fusion protein Venus-Ppk1(EC) is diffusely localized within cells (Supplemental Figure S2), indicating that Ppk1(CC) possesses specific attributes that promote the formation of discrete clusters.

Ppk1 dynamically relocalizes during the cell cycle
--------------------------------------------------

Having established that polyP granule synthesis and localization are cell cycle regulated, we sought to assess the dynamics of Ppk1/polyP localization in living cells across the cell cycle. Owing to DAPI toxicity, we were unable to monitor the development of stained granules in living cells, but we were able to visualize Venus-Ppk1 by time-lapse microscopy. Many Venus-Ppk1 foci are stable on a time scale of tens of minutes ([Figure 3B](#F3){ref-type="fig"}). As the cell cycle progresses, we observe the development of new Venus-Ppk1 foci at previously unoccupied quarter-cell positions. This process varies from cell to cell. Appearance of a new Venus-Ppk1 focus can occur with the concomitant loss of the preexisting focus or can result in foci in both mother and nascent daughter compartments at the quarter positions. We increased the image acquisition rate to analyze movement of Venus-Ppk1 foci. As seen in Supplemental Movie S1, foci display three types of behavior on the time scale of minutes. Some cells show stable foci; others display rapid movement of foci from one quarter-position to the other; and some foci move erratically within cells and oscillate between mother and daughter compartments, homing intermittently to the quarter-positions. We conclude that Ppk1 dynamically relocalizes throughout the cell cycle to occupy the sites of granule production. These data might also explain why, at any given time, select Ppk1 foci are not colocalized with granules and vice versa.

Ppk1 forms foci independently of polyP catalysis, but localization requires the catalytic active-site residue, H434
-------------------------------------------------------------------------------------------------------------------

We next tested whether an intact Ppk1 catalytic active site is required for the proper localization of the enzyme within the cell. To this end, we expressed *venus-ppk1(H434A)*, an allele for which the known catalytic histidine ([@B34]) has been mutated to alanine. We have previously demonstrated that this variant is stably expressed but does not produce polyP granules in *C. crescentus* ([@B10]). When expressed from an ectopic locus in a WT background, *venus-ppk1(H434A)* produces foci that colocalize with polyP granules and presumably wild-type Ppk1 ([Figure 4A](#F4){ref-type="fig"}). Indeed, Ppk1-H434A colocalizes with wild-type Ppk1 in a heterologous host (Supplemental Figure S2), suggesting that these two proteins cooligomerize. We therefore expressed *venus-ppk1(H434A)* in the absence of wild-type *ppk1* and confirmed that it cannot not complement granule production, although it still localizes to discrete foci ([Figure 4A](#F4){ref-type="fig"}). This demonstrates that catalytic activity is not required for the formation of Ppk1 clusters within the cell. We quantified the position of Venus-Ppk1(H434A) fluorescent foci and plotted them as previously described for DAPI-fluorescent polyP granules. Whereas *venus-ppk1* produces foci that consistently localize to the expected positions (i.e., mid- and quarter-cell positions), *venus-ppk1(H434A)* is randomly localized within cells ([Figure 4B](#F4){ref-type="fig"}), indicating that catalysis is required for Ppk1 clusters to be properly addressed within the cell.

![Catalysis and a C-terminal tail are required for normal Venus-Ppk1 localization. (A) Representative micrographs of *venus-ppk1(H434A)++* expressed in the WT or *∆ppk1* background. For merged images in A and C, Venus is depicted in the red channel and DAPI (polyP) in the green channel. (B) Positions of Venus-Ppk1 or Venus-Ppk1(H434A) expressed from the native locus in populations of cells 120 min postsynchrony. For A and B, *N* = 299 cells with detected foci. (C) Representative micrographs of *venus-ppk1(∆CT16)++* expressed in the WT or *∆ppk1* background. (D) Positions of Venus-Ppk1(∆CT16) in populations of cells grown in M2G. Cells were imaged at 120 min postsynchrony. For C and D, *N* = 352 cells with detected foci.](3177fig4){#F4}

These findings suggested that Ppk1 alone is not the target of the cell\'s localization mechanism and that polyP is required to localize the Ppk1/polyP complex. To separate Ppk1 localization from polyP localization, we attempted to complement granule production in *C. crescentus* Δ*ppk1* by overexpressing *venus-ppk1(EC)*. This protein was diffusely localized in *C. crescentus* and yet it was able to complement granule production and localization (Supplemental Figure S2). Thus it seems that polyP granules can be discretely localized in cells even when produced by a diffusely localized enzyme, supporting a model in which polyP is the target of the localization mechanism.

A C-terminal localization signal is required for proper Ppk1 positioning
------------------------------------------------------------------------

Given that polyP localization likely precedes Ppk1 localization, we investigated the nature of Ppk1 colocalization with polyP granules. Discretely localized proteins commonly rely on specific localization sequences to find their intended subcellular addresses. To test whether segments of Ppk1 might serve a specific function in protein focal clustering or localization, we performed mutational analysis on the *venus-ppk1* allele. The goal of these experiments was to discover variants that fail to form foci in the cell or that form foci but fail to properly localize. The crystal structure of the orthologous Ppk1 enzyme of *E. coli* ([@B69]) aided this effort, facilitating construction of a *C. crescentus* Ppk1 homology model and design of structure-based mutations.

Ppk1 is composed of four conserved domains, labeled N, H, C1, and C2 (Supplemental Figure S1). Domain C1 contains the critical catalytic residue H434. We observed that *C. crescentus* Ppk1 contains a highly positively charged (pI = 11.8), 22-residue C-terminal tail not present in the *E. coli* enzyme. We systematically generated Venus fusions to Ppk1 variants lacking the N (*∆N*), N and H (*∆NH*), C2 (*∆C2*), or C1 and C2 (*∆C1C2*) domains, as well as a variant lacking 16 residues from the C-terminus (*∆CT16*).

Of the four whole-domain deletion constructs, *∆C1C2* and *∆C2* yield diffuse fluorescence signal throughout the cell similar to expression of *venus* alone (Supplemental Figure S1), indicating that at least domain C2 is required for focal clustering of Ppk1. *∆N* and *∆NH* yield very poor fluorescence signal and are likely unstable. No truncation construct complements granule production in a *∆ppk1* background, providing evidence that each domain is indispensable for in vivo granule production.

Unlike the whole-domain deletions, expression of *venus-ppk1(∆CT16)* produces discrete fluorescent foci ([Figure 4C](#F4){ref-type="fig"}). Venus-Ppk1∆CT16 foci do not colocalize with polyP granules when expressed in a WT background, indicating that the C-terminal tail of Ppk1 is dispensable for focal cluster formation but required for proper subcellular enzyme localization. Moreover, when expressed in the *∆ppk1* background, this construct gives poor granule production, despite all known catalytic residues remaining intact.

At the population level, we quantified the position of fluorescent foci in cells expressing either *venus-ppk1* or *venus-ppk1(∆CT16)*. Whereas *venus-ppk1* gives the expected pattern of localization, *venus-ppk1(∆CT16)* exhibits a dramatic mislocalization phenotype: rather than simply forming foci randomly throughout cells, this variant is excluded from the quarter-cell positions and redirected toward the poles and mid-cell ([Figure 4D](#F4){ref-type="fig"}). Therefore the positively charged sequence at the C-terminus of *C. crescentus* Ppk1 is a key localization determinant that 1) is required for association with natively produced granules in a wild-type background and 2) is necessary for normal polyP granule production in the cell.

Inhibition of chromosome replication disrupts granule synthesis and localization
--------------------------------------------------------------------------------

Typically, bacterial proteins are diffusely distributed throughout the cytosol or cell envelope. There are examples, however, of proteins that are addressed to one or both poles or to the mid-cell/division plane ([@B22]; [@B36]). Localization to the quarter-position of the cell, as we observe for Ppk1 and polyP, is unusual. To our knowledge, no *C. crescentus* proteins with this localization pattern have been thoroughly characterized, despite genome-wide localization studies ([@B66]). Among the handful of known molecules displaying localization to the quarter-positions are certain low-copy plasmids ([@B24]) and the cytoplasmic chemotaxis protein clusters of *Rhodobacter sphaeroides* ([@B65]), both of which associate with the chromosome to ensure an equal inheritance between mother and daughter cells ([@B50]; [@B27]). Note that carboxysomes and PHB granules also rely on the chromosome for proper localization ([@B51]; [@B20]; [@B44]). In considering the cellular basis of Ppk1/polyP localization, we hypothesized that that the *C. crescentus* chromosome may play an important role in this process. To test this hypothesis, we disrupted chromosome replication and chromosome segregation using both genetic and pharmacological approaches and measured the effects of these perturbations on synthesis and subcellular positioning of polyP granules.

We first disrupted DNA synthesis in a synchronized population of wild-type swarmer cells with hydroxyurea (HU) or mitomycin C (MMC). Treatment with these drugs blocks chromosome replication, although swarmer cells continue to grow and differentiate into stalked cells ([@B15]). Treated and untreated swarmer cells were permitted to develop into predivisional cells. We then quantified polyP granule position in the three groups by measuring the distance between the center of each granule to the stalked pole in TEM micrographs. The majority of untreated cells possess two polyP granules at quarter-cell positions, which is consistent with our DAPI fluorescence results ([Figure 5, A and B](#F5){ref-type="fig"}). HU- and MMC-treated cells are generally defective in production of a second granule, and the positioning of the initial granule is disrupted. Despite the fact that treated and untreated cells grow to similar lengths, polyP granules did not regularly segregate into the mother and daughter cell compartments in treated cells. MMC, which cross-links DNA strands ([@B60]), caused granules to remain near mid-cell. HU treatment, which inhibits ribonucleotide reductase ([@B53]), left most cells with a single, randomly positioned granule that could occupy unusual positions such as extreme polar regions.

![Chromosome replication and segregation are required for normal granule biogenesis and positioning. (A) Representative TEM micrographs of synchronized WT cells treated with either MMC or HU or untreated. Black arrows, polyP granules. Scale bars, 1 μm. (B) Manually measured distances between the stalked pole and the center of each granule, following the center of the long axis of the cell. For the untreated group, *N* = 106 cells; MMC, *N* = 112 cells; HU, *N* = 118 cells. Pie graphs represent the percentage of cells in each treatment group containing one (dark gray), two (light gray), or three or more granules (off-white), as observed by TEM. (C) Position of DAPI-staining granules in synchronized populations of cells at *t* = 125 min postsynchrony, using a temperature-sensitive allele of *holB* to block DNA synthesis. Left, *N* = 764 cells; right, *N* = 742 cells. (D) Position of DAPI-staining granules in synchronized populations of cells at *t* = 125 min postsynchrony, using a dominant-negative allele of *parA* to block chromosome segregation. Left, *N* = 914 cells; right, *N* = 813 cells.](3177fig5){#F5}

We repeated our polyP analysis using DAPI staining and fluorescence microscopy in a *C. crescentus* strain containing a temperature-sensitive allele of *holB*, the δ′ subunit of DNA polymerase ([@B47]). When shifted to the restrictive temperature of 37°C, DNA synthesis is blocked in this strain ([@B42]). Consistent with our previous findings, granule localization is disrupted in these strains at the restrictive temperature but not in WT cells grown at the same temperature ([Figure 5C](#F5){ref-type="fig"}). Thus we conclude that chromosome replication governs the transition from the one- to two-granule state and that the mechanism by which DNA synthesis is perturbed has specific consequences for the localization of the initial granule.

Chromosome segregation governs polyP granule number and subcellular address
---------------------------------------------------------------------------

Blockade of DNA synthesis necessarily prevents chromosome segregation from mother to daughter. Thus experiments that inhibit new DNA synthesis cannot differentiate the effects of chromosome replication from chromosome segregation on polyP synthesis and localization. We hypothesized that segregation of the new chromosome to the nascent daughter cell determines localization of Ppk1/polyP to the quarter-cell positions. To test this hypothesis, we disrupted the *parAB* partitioning system, which is required for *C. crescentus* chromosome segregation ([@B46]). ParA forms filaments that guide the newly synthesized chromosome into the nascent daughter compartment. We expressed a dominant-negative *parA(K20R)* allele, which permits chromosome replication but blocks segregation ([@B61]; Supplemental Figure S3). As with blocked replication, we observe that blocked segregation disrupts polyP granule positioning. Rather than two granules per predivisional cell, each at quarter-position, we commonly observe cells with a single, randomly positioned granule in the strain expressing *parA(K20R)* ([Figure 5D](#F5){ref-type="fig"} and Supplemental Figure S3). Control expression of the wild-type *parA* allele from an ectopic locus does not affect granule synthesis or positioning. Venus-Ppk1 continues to colocalize with polyP granules in both strains (Supplemental Figure S3).

These data provide evidence that quarter-position localization of polyP granules in each cell compartment requires that a second chromosome be not only synthesized, but also properly segregated. We conclude that polyP granules are capable of residing at any position within the cell, but that orderly progression of S-phase ensures that each mother and daughter cell inherit a polyP granule before cell division.

DISCUSSION
==========

Despite the fact that polyP granules were first discovered in bacteria in the 19th century ([@B6]), the cellular factors that determine localization and inheritance of these important nutrient and energy stores have remained undefined. Our studies reveal many key elements of this process. PolyP itself, rather than Ppk1, is the target of the cell\'s partitioning mechanism (Supplemental Figure S2), and this mechanism requires proper chromosome replication and segregation ([Figure 5](#F5){ref-type="fig"}). Although Ppk1 requires catalysis to localize to the quarter-positions ([Figure 4A](#F4){ref-type="fig"}), it can be observed at these positions in the absence of detectible colocalizing DAPI-staining granules ([Figure 3A](#F3){ref-type="fig"}). To accommodate these experimental observations, we propose a model in which chromosome segregation results in the partitioning of at least a small amount of polyP to the quarter-positions. Ppk1 is dynamically recruited to these positions by virtue of the C-terminal tail, produces additional polyP in situ, and generates detectable granules ([Figure 6A](#F6){ref-type="fig"}). As cells grow, the polyP granules remain in place at fixed distances from the poles, consistent with tethering to the chromosome. When the cell divides, each daughter cell contains a polyP granule, and the process begins again ([Figure 6B](#F6){ref-type="fig"}). Similar to carboxysomes, chemotaxis protein clusters, and PHB granules, we propose that the chromosome provides a necessary structure for proper partitioning of this nongenetic resource between cells.

![A model of polyP granule biogenesis in *C. crescentus*. (A) At the molecular level, Ppk1 enzyme (red circles) forms focal clusters. The positively charged Ppk1 C-terminal tail (+) and polyP catalytic activity are both required to properly localize these enzyme clusters, which in turn produce large, visible polyP granules (phosphate chains depicted as black Ps; PolyP granules depicted as green spheres). Groups of red circles represent Ppk1 clusters of unspecified stoichiometry. (B) At the cellular level, Ppk1 is localized to an existing granule in swarmer cells. As swarmers differentiate into stalked cells, the chromosome (blue ribbons) replicates, and one copy segregates to the nascent daughter cell. On segregation Ppk1 localizes to a new, chromosomally determined niche. A second granule is subsequently synthesized at this new subcellular address. Ppk1 can associate with either or both of these granules.](3177fig6){#F6}

Although our top-down approach to the analysis of polyP provides a coarse-grained model of granule synthesis and partitioning in a bacterial cell, many molecular-level questions remain. For instance, if diffusely localized Ppk1(EC) produces discretely localized granules, is there a reason that Ppk1(CC) is discretely localized? It is possible that Ppk1, when not located at the quarter-positions, is inactive. This possibility is consistent with the finding that polar or mid-cell Ppk1(∆C16) cannot produce granules. Ppk1(EC) may complement granule localization by indiscriminately filling the cell with enzyme and thus occupying both the chromosomally determined polyP niche and all other subcellular addresses. This paradigm implies that Ppk1 forms discrete clusters to make the most use of the fewest enzymes per cell. Alternatively, it may be the case that Ppk1(CC) is more robustly attracted to cellular polyP than Ppk1(EC). It remains to be seen whether localized Ppk1 promotes efficient polyP accumulation, economizes enzyme production, or serves an as-yet-unidentified function.

Another related question centers on the biochemical/structural basis of Ppk1 clustering within cells, which occurs even in the absence of polyP. There is evidence from biochemical studies on orthologous versions of Ppk1 that formation of multimeric Ppk1 complexes is an inherent attribute of the enzyme. Specifically, Ppk1 from several species is known to form tetramers in vitro ([@B2]; [@B41]; [@B29]). Furthermore, upon addition of ATP, at least one Ppk1 orthologue forms large oligomers ([@B68]); some Ppk1 orthologues may be capable of forming filaments ([@B23]; [@B19]). Indeed, the presence of high-order multimers has been put forward as an explanation for the lattice or string-like structures that are observed as part of polyP granules imaged by cryo-electron microscopy ([@B28]). The role of Ppk1 quaternary structure in polyP synthesis, localization, and overall intracellular organization is an important future area of investigation.

The dynamics of individual Ppk1 proteins, as it relates to a localized model of polyP synthesis, is also of considerable interest. Our time-lapse microscopy data reveal both stable and highly dynamic Ppk1 fluorescent foci, the appearance of new foci, and the dissolution of others over the period of a cell cycle. We do not observe simple unidirectional movement of Ppk1 from mother to daughter, however, as is observed for tagged chromosomal loci ([@B63]) and DNA-binding proteins ([@B58]). It may be that Ppk1 clusters can diffuse throughout the cell but preferentially localize to polyP, as discussed later. Furthermore, we identified a previously uncharacterized localization signal at the Ppk1 C-terminus. An intriguing possibility is that this localization sequence functions to directly bind polyP. Alternatively, this localization sequence may simply enable Ppk1 to explore the nucleoid region, such that without it, Ppk1 is relegated to the poles and mid-cell.

The exact role of the chromosome in polyP granule localization and inheritance merits further discussion. Although we discovered that proper chromosome segregation is required for granule positioning, we do not yet understand the molecular details underlying this phenomenon. We envision three possible models that could explain our finding. The first and most parsimonious is that polyP directly associates with a specific chromosomal locus, perhaps by virtue of an as-yet-unidentified protein linker that binds both polyP and a specific DNA sequence or structure. A second model is that the cell uses a mechanism that promotes partitioning by binding polyP and nonspecific DNA, similar to ParA-family proteins ([@B50]). Both models are supported by TEM studies that report polyP in proximity of the bacterial nucleoid. Finally, it is possible that some unknown factor determines granule localization and requires completion of S phase for its production or function. Because disruption of chromosome replication and segregation necessarily blocks downstream cell-cycle processes ([@B67]; [@B37]), we cannot formally rule out this possibility.

Although future study of this conserved partitioning mechanism will provide insight into these molecular details, our work provides the initial framework for understanding the mechanism of polyP localization and inheritance in bacterial cells. We have 1) demonstrated the highly regulated nature of polyP localization; 2) quantified the dynamics and subcellular localization of the polyP biosynthetic enzyme, Ppk1; 3) defined a novel, positively charged sequence at the Ppk1 C-terminus that is required for proper enzyme localization; and 4) demonstrated that chromosome replication and segregation govern the biogenesis and subcellular organization of these highly conserved nutrient and energy storage granules. We hope that our study is only the beginning of cellular analyses of this important and well-known but little-studied subcellular structure.

MATERIALS AND METHODS
=====================

Culture conditions and viability assessment
-------------------------------------------

*C. crescentus* was grown in peptone--yeast extract (PYE) complex medium, M2G minimal medium with 0.2% glucose ([@B17]), or M2-xylose minimal medium with 0.2% xylose substituted for glucose. Unless otherwise specified, for xylose-inducible expression M2G was supplemented with 0.15% xylose for 4 h before imaging. Drugs were supplemented at the following concentrations in liquid/solid medium (μg/ml): kanamycin (5/25), nalidixic acid (--/20), hydroxyurea (5000/--; Alfa Aesar, Ward Hill, MA), and mitomycin C (3/--; A.G. Scientific, San Diego, CA). Cells were grown in a tube roller or rotary shaker at 30°C, except for temperature-shift experiments, for which cells were shaken at 37°C after synchrony. Cultures were maintained at an OD~660~ of \<0.4 before each experiment, with the exception of stationary-phase survival experiments, for which cultures were grown in parallel until they reached an OD~660~ of \>1.1, at which point serial dilutions were plated on PYE plus kanamycin to enumerate CFU/ml. Viability was assessed in the same way after 24 h of additional shaking at 30°C. *E. coli* grown for microscopy were cultured at 37°C in M9 minimal medium supplemented with 30 μg/ml kanamycin and induced with 1 mM isopropyl β-[d]{.smallcaps}-1-thiogalactopyranoside (IPTG) and/or 0.2% arabinose for 2 h. Otherwise, *E. coli* Top10 and Mach1 strains (Invitrogen, Carlsbad, CA) used for cloning were cultured in Terrific Broth at 30°C. *A. biprosthecum* and *R. capsulatus* were grown in PYE at 30°C.

Strain construction
-------------------

Supplemental Table S1 gives all strains used in this study. Truncation boundaries are denoted by protein residue numbers included in each construct name. *ppk1* (*CC_1710*), truncations of this gene, or *ppk1*(*H434A)* were PCR amplified and ligated into pMT854 or pMT697. The *H434A* allele, based on current NA1000 annotation, corresponds to the *H460A* allele previously published ([@B10]). *venus-ppk1* and *venus-ppk1(H434A)* were amplified from pMT854-*ppk1* and pMT854-*ppk1(H434A)*, respectively and ligated into pNPTS138. Allelic replacements at the *ppk1* locus were produced by a previously described double recombination method ([@B18]). *venus* and *venus-ppk1* were also amplified from pMT854-*ppk1* and ligated into pSRK-Kn. *parA* was amplified and ligated into pMT590; the *parA(K20R)* allele was generated by overlap-extension PCR.

Cell synchrony
--------------

Cells were synchronized as described previously. Synchronized cells are labeled by the total time elapsed between the isolation of swarmers and acquisition of images. DAPI-stained cells were incubated with DAPI for 25 min, and this time is included in the total time postsynchrony. For drug treatments, isolated swarmers were immediately incubated with the drug after synchrony; for temperature shifts, isolated swarmers were immediately shifted to 37°C. In the case of *parA* induction, cells were grown in M2G, and 0.03% xylose was added to the isolated swarmers.

Staining and fluorescence microscopy
------------------------------------

To stain with DAPI (Sigma-Aldrich, St. Louis, MO), cells were treated with 12 μg/ml DAPI, added directly to the culture medium, and incubated at room temperature in the dark for 25 min. Cells were then spotted on 1% agarose pads for microscopy. For time-lapse microscopy, cells were spotted on 1% agarose M2G pads and grown at room temperature. Fluorescence microscopy was conducted with a Leica CTR5000 microscope (Leica, Wetzlar, Germany); images were acquired with a Hamamatsu ORCA-ER camera (Hamamatsu, Hamamatsu, Japan). A custom filter set was used to visualized DAPI-polyP, using a 390/70-nm excitation filter, a 488-nm dichroic, and a 515-nm long-pass emission filter (Chroma, Brattleboro, VT).

Electron microscopy
-------------------

For transmission electron microscopy, log-phase cells were switched from M2G to M2 with no added carbon and collected after 4 h. Cells were fixed in a final concentration of 3.2% paraformaldehyde, 0.0001% glutaraldehyde, and 200 mM sodium phosphate buffer, pH 7.4, at room temperature for 8 min, then washed twice with distilled water. Unstained cells were spotted onto Formvar-carbon-coated 400 mesh copper grids, air dried, and visualized. Grids were imaged at ×16,800 using an FEI Tecnai F30 scanning transmission electron microscope equipped with an Ultrascan camera (Gatan, Pleasanton, CA).

Image analysis and bioinformatics
---------------------------------

A model of *C. crescentus* Ppk1 was generated with SWISS-MODEL ([@B3]) using Protein Data Bank entry 1XDO ([@B7]; [@B69]). Protein isoelectric point was calculated using ExPASy ProtParam ([@B21]). Measurements of TEM micrographs and image manipulation were performed using ImageJ (National Institutes of Health, Bethesda, MD; [@B13]). Automated cell outlining, spot detection, and coordinate output were performed by MicrobeTracker ([@B54]). Using Image-Pro Plus MDA (Media Cybernetics, Bethesda, MD), we applied a Gaussian filter to some images to sharpen diffraction-limited foci; when this operation was performed, it was applied uniformly to the entire image, and if that image was compared with other images in the text, we processed the others identically.
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